The purpose of this study was to examine by freeze-fracture the ultrastructure of intercellular junctions between mouse pulmonary endothelial and epithelial cells, and to relate this fine structure to that deduced from previous physiological and ultrastructural studies using tracer techniques. Junctions between capillary endothelial cells consist of one to three interconnected rows of particles which show occasional discontinuities. Small gap junctions are associated with these rows of particles in the arteriolar end of the capllary bed. At the venular end, the junctions consist of low profile ridges on the protoplasmic fracture (PF) face or complimentary grooves on the exoplasmic fracture (EF) face some of which have a sparse number of associated particles. The vascular junctions are similar to those of vessels in rat omentum and mesentery, and resemble "leaky" junctions described in renal proximal convoluted tubular cells. Tight junctions (zonulae occludentes) between type I pneumocytes or between types I and II pneumocytes consist of a band of interconnecting ridges on the PF face and complimentary interconnecting grooves on the EF face. These continuous epithelial junctions have a structure that is typical of tight occluding junctions. Occasionally zonulae occludentes between type 1 and type II pneumocytes are discontinuous; this may be the result of cell translocation as pneumocytes are shed into the alveolus. Intravascular perfusion fixation at high pressure (140 cm H,O) had no discernible effect on the structure of endothelial or epithelial junctions. The appearance in our study of freeze-fractured pulmonary endothelial and epithelial junctions reveals clearly the physical basis for the results of ultrastructural tracer and physiological studies which have suggested that it is the alveolar epithelium rather than the endothelium that is the chief permeability barrier to small, watersoluble molecules.
Substructure of Intercellular Junctions in Freeze-Fractured Alveolar-Capillary Membranes of Mouse Lung
SUMMARY The purpose of this study was to examine by freeze-fracture the ultrastructure of intercellular junctions between mouse pulmonary endothelial and epithelial cells, and to relate this fine structure to that deduced from previous physiological and ultrastructural studies using tracer techniques. Junctions between capillary endothelial cells consist of one to three interconnected rows of particles which show occasional discontinuities. Small gap junctions are associated with these rows of particles in the arteriolar end of the capllary bed. At the venular end, the junctions consist of low profile ridges on the protoplasmic fracture (PF) face or complimentary grooves on the exoplasmic fracture (EF) face some of which have a sparse number of associated particles. The vascular junctions are similar to those of vessels in rat omentum and mesentery, and resemble "leaky" junctions described in renal proximal convoluted tubular cells. Tight junctions (zonulae occludentes) between type I pneumocytes or between types I and II pneumocytes consist of a band of interconnecting ridges on the PF face and complimentary interconnecting grooves on the EF face. These continuous epithelial junctions have a structure that is typical of tight occluding junctions. Occasionally zonulae occludentes between type 1 and type II pneumocytes are discontinuous; this may be the result of cell translocation as pneumocytes are shed into the alveolus. Intravascular perfusion fixation at high pressure (140 cm H,O) had no discernible effect on the structure of endothelial or epithelial junctions. The appearance in our study of freeze-fractured pulmonary endothelial and epithelial junctions reveals clearly the physical basis for the results of ultrastructural tracer and physiological studies which have suggested that it is the alveolar epithelium rather than the endothelium that is the chief permeability barrier to small, watersoluble molecules.
PHYSIOLOGICAL studies indicate that it is the epithelial rather than the endothelial cell layer that determines the overall permeability of the alveolar-capillary membrane to water-soluble solutes. 1 ' 3 Furthermore, the permeability properties of the alveolar capillaries themselves 4 and their equivalent pore radii 2 appear to resemble those of skeletal muscle capillaries. In such nonfenestrated capillaries small, water-soluble molecules are thought to permeate the capillary wall by passing through water-filled channels which have an equivalent pore radius of 40 A, and which are postulated to be located between endothelial cells. 5 The transcapillary passage of plasma proteins such as albumin [69,000 daltons, effective hydrodynamic radius (a e ) = 35 A] probably is by way of pinocytotic vesicles; 6 however, the mechanism for transport of protein tracers smaller than albumin across nonfenestrated endothelium remains controversial. '-8 Ultrastructural tracer studies on the lung 9 "" show that whereas epithelial cell junctions consistently are impermeable to all the enzymatic tracers used thus far, a few endothelial junctions permit the passage of molecules of the size of cytochrome c (12,000 daltons, a e = 15 A). 12 This leakage of small molecular weight tracers through pulmonary endothelial junctions is enhanced by increased intravascular pressure. 10 -" Thus, morphological observations, as well as results obtained from physiologal experiments, 13 -M suggest that some endothelial junctions are labile under certain conditions and may be subject to stretching as a consequence of alterations in intravascular pressure. Much higher hydrostatic pressures apparently are required before tracer molecules can be visualized within epithelial junctions. 15 Although the appearance of freeze-fractured intercellular junctions of a number of different tissues has been analyzed, 16 the structure of those of the alveolar-capillary membrane has not been described. The purpose of our present study was to examine by freeze-fracture the ultrastructural organization of intercellular junctions of both alveolar endothelium and epithelium which had been fixed by intratracheal installation of fixative followed by immersion fixation, and to compare their structure with that of junctions from lungs fixed by intravascular perfusion under conditions of increased hydrostatic pressure. These observations, in turn, are related to results of previous ultrastructurat and physiological studies.
Methods
Female Swiss albino mice (Charles River Breeding Laboratories, Wilmington, Mass.) weighing 25-30 g, were anesthetized with intraperitoneal sodium pentobarbital (Diabutal, Diamond Laboratories, Inc., Des Moines), 5 mg/100 g of body weight.
INTRATRACHEAL AND IMMERSION FIXATION
The thorax was opened and the lungs were allowed to collapse spontaneously. The trachea was exposed, and 0.5 ml of formaldehyde-glutaraldehyde diluted (1:4) with 0.1 M cacodylate buffer, pH 7.3 at 20°C, 17 was gently infused into the lung by way of the trachea. Care was taken not to overdistend the lungs. After fixing in situ for 2 minutes, the lungs were removed and partially cut into slices 1-2 mm thick. The tissue then was fixed for an additional 2-3 hours at 4°C in formaldehyde-glutaraldehyde and washed for not less than 8 hours in 0.15 M cacodylate buffer, pH 7.3.
PERFUSION FIXATION UNDER INCREASED HYDROSTATIC PRESSURE
To gently inflate the lungs with air during perfusion fixation, the trachea was first exposed and a short segment of PE 90 tubing (Clay Adams, Parsippany, N.J.) was inserted into it. The thorax then was opened, and perfusion of the lung through the right ventricle was begun with Hanks' balanced salt solution (Microbiological Associates, Inc., Bethesda, Md.) containing heparin (Liquaemin, Organon, Inc., West Orange, N.J.), 10 USP units/100 ml. The perfusate was suspended in a bottle 140 cm above the right ventricle. Perfusion was continued for 1 minute until the effluent from the incised left ventricle was clear. This was followed immediately and at the same pressure by perfusion with FG fixative diluted 1:4 as described above. During perfusion, the alveoli were kept open by gently inflating the lung with air from an air-filled 10-ml syringe. Perfusion was continued for 10 minutes, after which the lungs were removed, fixed in vitro, and washed as described above.
To assess the effect of fixation on the substructure of intercellular junctions, the lung from one animal was not fixed. Immediately after removal, the tissue was immersed in 25% glycerol in 0.1 M cacodylate buffer, pH 7.3 for 1 hour at 4 C C before freeze-cleaving. By contrast, fragments of fixed lung were soaked in 25% glycerol in cacodylate buffer for 2 hours at 4°C before freezing.
Small pieces of lung were transferred to Balzers specimen holders (Balzers AG, Liechtenstein), rapidly frozen in Freon 22 (Dupont Instruments, Wilmington, Del.), cooled by liquid nitrogen, fractured in a Balzers high vacuum freeze etch unit (BA 360 M) at -104°C, and shadowed with platinum at an angle of 45°. The replicas were strengthened by evaporation of carbon at a 90° angle, thawed, digested from the underlying tissue with 5.2% sodium hypochlorite (Clorax Co., Oakland, Calif.), mounted on 200-mesh grids, and examined at 60 kV with a Philips 300 electron microscope.
Results
Our study was limited to the examination of intercellular junctions at the alveolar-capillary level and does not include those of major airways, pulmonary arteries, veins, or the bronchial circulation. In describing the structure of the junctions, the protoplasmic fracture (PF) face is the fracture on the protoplasmic half of the membrane, whereas the exoplasmic fracture (EF) face is the fracture surface of that half of the membrane facing the extracellular space.' 8 Alveolar capillaries are identified as vessels having an average diameter of up to 8 /itn. They are adjacent to identifiable alveolar spaces which are lined predominantly by type I pneumocytes ( Figs. 1-3 ). The unequivocal identification of the arteriolar from the venular portion of the alveolar capillary bed is not possible, because both of these segments have diameters greater than 10 jirn. However, by comparing the intrinsic organization of the junctions in these larger vessels to those described in the microvasculature of rat omentum and mesentery," a tentative identification is possible based on features known to be peculiar to the arterial and venous end, respectively, of that particular capillary bed.
Identification of alveolar epithelial junctions is facilitated by the recognition of an adjacent alveolar space and an underlying capillary lumen. The large, cuboidal type II pneumocytes ( Fig. 4 ) are easily distinguished from flattened, spread type I pneumocytes ( Fig. 5 ).
IMMERSION FIXATION
Capillary Junctions. These junctions are composed of one to three parallel, sometimes interconnected rows of particles present on a low ridge on the PF face, and in a shallow groove on the EF face ( Fig. 6 ). The membrane surface immediately adjacent to and within the junctional network contains relatively fewer intramembranous particles as compared to the membrane further removed from the junctions (Fig. 2) . The junctional particles are either round (80-100 A in diameter) (Figs. 2 and 6) or they appear as short, broken segments of a fibril (up to 600 A in length), which sometimes seems to consist of confluent particles. The rows of particles, although mostly continuous, show some areas of discontinuity (Figs. 1 and 2) which range from 136 to 480 A in length with a mean of 258 ± 26 A (± 1 SE).
Although the areas of discontinuity generally are smooth and do not appear to represent a groove or ridge from which particles have been torn away during the cleaving process, the latter possibility cannot be excluded. The discontinuities in the rows of intramembranous junctional particles could represent patent areas in the intercellular portion of the junction which permit the passage of water-soluble material from the vascular lumen to the extravascular space. However, it remains to be proved that the intramembranous rows of particles in fact correspond to the sites of close apposition of the adjacent unit membranes.
Arteriolar Junctions. These junctions are observed in vessels larger than 10 j*m in diameter, and are tentatively identified as being on the arteriolar side of the capillary network. They form a continuous, interconnected network of three to six rows of particles having dimensions (80-100 A in diameter) similar to those observed in capillary junctions. As in the latter, the particles are present either on low ridges (PF face) or in shallow grooves (EF face). In some areas the spaces of the junctional meshwork are occupied by closely packed particles (PF face) or pits (EF face) typical of gap junctions (Fig. 7) . These gap junctions are usually associated with the junctional network, and have not been observed as isolated structures by themselves. Discontinuities, such as those seen in capillary junctions, are rare in these structurally complex junctions.
Venular Junctions. On the other hand, venular junctions appear as much more tenuous structures than those of either capillaries or arterioles. On the PF face, the junction is composed of a simple network of two to four broad, low profile ridges or ceases which are studded with few particles and, rarely, with short segments of a fibril (Fig. 8) . The EF face of the junction is composed of shallow grooves which similarly contain few particles. In many areas the ends of the ridges or grooves simply flatten and merge with the smooth face of the surrounding membrane ( Fig. 8) .
Epithelial Junctions. Epithelial junctions between type I pneumocytes ( Fig. 5 ) and between type I and II pneumocytes ( Fig. 4) consist of a complex network of three to six smooth, continuous, interconnecting fibers on the PF face or grooves on the EF face. Although these junctions (or zonulae occludentes) form continuous bands along the apical surface of the epithelial cells, an occasional type II pneumocyte shows a junction which is interrupted by areas
Epithelial cell junction between type II and type I pneumocytes. The junction is composed of three to six interconnected strands. EF = exoplasmic fracture face; PF = protoplasmic fracture face. 22,000x. of smooth membrane ( Fig. 9 ). No gap junctions are associated with these epithelial junctions.
PERFUSION FIXATION AT INCREASED HYDROSTATIC PRESSURE
After perfusion fixation at a hydrostatic pressure of 140 cm HjO the lungs are virtually free of erythrocytes and the capillaries are fixed in a widely distended position. The particles forming the capillary junctions are not quite as protuberant as is the case after immersion fixation. However, no discernible lengthening of the discontinuities in the capillary junctions or widening of the spaces in the junctional network is seen ( Fig. 3) . Similarly, no effect on the structure of arteriolar, venular, or epithelial junctions is evident after fixation at increased intravascular pressure.
UNFIXED LUNGS
The architecture of unfixed lungs which have been immersed for 1 hour in 25% glycerol is surprisingly well preserved. Our present observations were limited to capillary endothelial junctions. The intrinsic organization of capillary junctional particles in unfixed lungs is similar to that in fixed lungs, that is, on the PF face the particles are present on a low ridge, whereas on the EF face they are present in a shallow groove. However, in unfixed endothelium the intramembranous particles of the remainder of the plasma membrane are more numerous on the EF face than on the PF face. This is the reverse of what is observed in fixed endothelium, and confirms what has been observed by others 20 (Fig. 10 ). 
Discussion
The ability of simple epithelia to maintain permeability barriers is dependent on the intrinsic structure of intercellular junctions. In a study in which the freeze-fracture appearance of zonulae occludentes from a variety of epithelia was compared with the measured transepithelial resistance, Claude and Goodenough 21 concluded that the permeability of a junction correlates directly with the number of strands that make up a junction rather than with the total junctional width. On the basis of these criteria, pulmonary epithelial junctions, made up of three to six continuous, highly interconnected strands, might be expected to be less permeable to water-soluble solutes than are pulmonary endothelial junctions composed of one to three partly interconnected rows of intramembranous particles. The present observations, therefore, provide a morphological basis for the results of previous physiological 1 " 3 and tracer*'" studies.
Intercellular junctions (zonulae occludentes) between the apical portions of epithelial cells form a continuous, beltlike seal which, in thin-sectioned material, appears as a series of contacts, where the outer leaflets of the adjacent unit membranes appear to be fused. 22 However, a number of freeze-fracture studies show that a simple fusion of cell membranes is not the structural basis for the formation of these junctions.' 6 The current interpretation of freeze-fractured cell membranes is that the latter are split along their interior, hydrophobic region. Thus, the junctional strands that are exposed probably represent structures lying within the cell membrane, rather than between the outer leaflets of the membranes which appear to be fused. Indeed, a recent analysis of zonulae occludentes in toad urinary bladder and gallbladder provides evidence that the junctional strands are a single set of fibrils shared by two adjacent cells. 23 Although the shared fibrils bring adjacent cells into intimate contact and form a permeability barrier, physiological studies show that these intercellular regions are permeable to ion fluxes. 24 " 29 In the case of the pulmonary epithelium, the determina- tion of reflection coefficients for a number of small, water-soluble molecules has yielded an estimated pore radius of 8-10 A. 2 Although this value is small, it is nevertheless larger than the estimated size of pores in cell membranes, and suggests that, as in other epithelia, passage of small, water-soluble molecules takes place by way of these intercellular junctions. Freeze-fractured pulmonary epithelial junctions, composed of three to six strands, structurally resemble those epithelia which are moderately impermeable to water-soluble solutes. 21 They appear to form a firm bond between cells, since very high intravascular pressures apparently are necessary before these junctions can be disrupted to permit the passage of protein tracers." Occasionally on the freeze-fracture faces of type II pneumocytes, the band of junctional strands was interrupted by areas of smooth cell membrane. Since pulmonary epithelial cells undergo turnover, with the obsolescent cells being extruded into the alveolar lumen, it is suggested that these focal interrupted tight junctions represent either the remants of a tight junction in the process of breaking down, or the beginning of formation of a new continuous tight junction. Similar focal tight junctions (or maculae occludentes) have been observed after partial hepatectomy, when liver cells are undergoing regeneration^3 0 or during early development of chick embryos. 31 The structure of freeze-fractured pulmonary endothelial junctions is in marked contrast to those of pulmonary epithelium. Not only are the junctions composed of rows of particles rather than continuous fibrils, but the rows show areas of apparent discontinuity. In the capillaries of mouse 1.0 FIGURE 9 Portions of a tight junction on the fracture face of a type II pneumocyte. It cannot be ascertained whether this represents a junction which is forming or one which is undergoing dissolution, as the cell is either being extruded from or intercalated into the alveolar epithelial membrane. 27,500x.
FIGURE 10
Portion of a capillary wall from an unfixed lung. A n endothelial junction is indicated by arrows. Dome-shaped pinocytotic vesicles are present on the exoplasmic fracture (EF)face, while on the protoplasmic fracture (PF)face they appear as craters. Note the more numerous intramembranous particles on the EF face as compared to the PF face. This polarity of intramembranous particles is reversed in fixed endothelial cells. 50,000 x. diaphragm, there is evidence that the luminal segment of the junction may in part be permeable to tracers the size of horseradish peroxidase (40,000 daltons), thus explaining the trapping of this tracer within the compartments of the junction. 32 However, whether the site of close membrane apposition in the luminal half of the junction corresponds to the luminal row of junctional particles remains to be established. Direct observations made on frog mesothelium and mesenteric capillaries provide evidence that both mesothelial and capillary endothelial junctions are sites for the passage of small, water-soluble solutes. 33 However, the extent to which low molecular weight proteins may leak through such junctions remains controversial. 7 -8 -' 2 -34 In pulmonary capillaries, cytochrome c (12,000 daltons, a, = 15 A) injected in a small volume of saline is present throughout the entire length of a rare endothelial junction within seconds after injection. 12 It is possible that the abovementioned discontinuities in junctional strands provide a passage to the extravascular space for macromoiecules the size cytochrome c. Cytochemical tracer studies also indicate that pulmonary capillary endothelial junctions can be made more permeable either by a transient increase in intravascular fluid volume, 10 or by an increase in hydrostatic pressure. 11 It is not clear whether this is due to a widening of a few permeable junctions or to an opening of previously closed ones. In our study no change in the appearance of freeze-fractured endothelial junctions was observed in lungs fixed under conditions of increased hydrostatic pressure. 11 However, since capillary junctions (particularly those with two or more rows of particles) may not be equally susceptible to widening under the conditions used, and since only a small portion of the lung can be examined by freeze-fracture, structural changes may yet be present.
Because of the complexity of the pulmonary capillary system it was not possible definitively to distinguish the arteriolar from the venular end of the capillary bed. However, tentative identification was based on similarities to the structure of arteriolar and venular junctions of the microvasculature in rat omentum and mesentary. 19 The arteriolar junctions are the most complex of the three types of vascular junctions examined. Not only are they composed of three or more interconnected rows of particles, but they have associated gap junctions which permit cell-to-cell communication. The combination of the two types of junctions ensures not only strong cell-to-cell adhesion, but also a sealing off of the vascular space from the extravascular compartment. This suggests that the arteriolar segment may be the least permeable portion of the pulmonary capillary bed. Venular junctions, by contrast, are much less complex and have the fewest associated intramembranous particles. The relative paucity of intramembranous particles suggests that the adjacent cell membranes may be more loosely associated than is the case in arterioles. Indeed, a number of studies show that it is the venular junctions which open widely after the topical application of serotonin, 35 or after the administration of histamine. 3 ' However, not all venular endothelial cells react to vasoactive amines: In the lung only the bronchial and not the pulmonary venules become leaky after histamine administration. 36 Clearly, not only the cells themselves but also the chemical composition and the structural arrangement of the elements making up intercellular junctions play an important role in the permeability of both endothelium and epithelium.
Addendum
Since this paper was submitted the following paper, which is pertinent to the present discussion, has appeared in print: M. Simionescu, N. Simionescu, and G. E. Palade: Segmental differentiation of cell junctions in the vascular endothelium; the microvasculature. J. Cell Biol. 67: 863, 1975.
